Providing energy without unfavorable impacts on the environment is an important issue for many countries. Wave energy is one of the renewable resources with high potential and low impact on the environment, especially in coastal regions. The estimation of the wave characteristics is essential for selection of the appropriate location for wave energy exploitation. In this study, SWAN was used for modeling of the wave characteristics and to describe the existence and variability of wave energy in the southern part of the Caspian Sea.
Introduction
Due to the limitation of the fossil fuels and their negative environmental impacts, several researches have been conducted on development of the renewable resources. Therefore, conventional energy resources can be substituted with different kinds of renewable energy resources such as solar, wind and ocean energy (i.e. waves, tides, marine currents and thermal gradients). Among the various clean and green renewable energy resources, wave energy is known as an energy resource with limited negative impacts and the highest energy density [1] [2] [3] . The global wave energy potential has been evaluated between 1 and 10 TW, which is comparable with world energy demand [4] . There are several studies in literature, which have assessed the wave energy resources in different regions of the world. The aforementioned characteristics, in terms of sea states, which are important for selecting the most appropriate WEC with maximum efficiency.
As there are long coastlines in Iran and because of increasing energy needs, due to the population growth and also improving living conditions, wave energy can be used as a new resource in this country. As well as evaluating the wave energy potential in some coastal areas of the Iranian seas [22, 23] , the long term variation of wave power was investigated along the southern coasts of Iran [24] .
Since recording wave data over a long period of time is challenging and expensive, there is lack of such data in most regions. Hence, wave parameters can be obtained using wave simulations. In this regard, different approaches including empirical-based, soft computingbased and numerical-based models have been utilized [25] [26] [27] [28] [29] . In this study, the wave energy climate along the south-western part of the Caspian Sea was investigated. For this purpose, one of the most popular numerical models, Simulating Waves Nearshore (SWAN) model [30] [31] [32] [33] forced by QuikSCAT wind field has been implemented for simulating the wave parameters. Collected wave data by Anzali buoy were used for the calibration and verification of the numerical model.
The annual and seasonal mean wave energies were calculated using simulated wave parameters in the study area. Afterwards, the high energy spots were specified and the most appropriate site for wave energy extraction, considering their distance from coastline and water depth, was determined. The seasonal and monthly variations of wave energy were investigated in the selected site. In addition, the wave energy resource was characterized in terms of significant wave heights, peak periods and mean directions to determine the most efficient wave energy converter in the selected site.
Materials and Methods

Area of interest and availability of data
The Caspian Sea was chosen for this study and the area of interest is Anzali port which is located in the south-western part of it ( Figure 1 ). Caspian Sea with a surface area of 371,000 km² is the world's largest lake. It is bordered to the northwest by Russia, to the west by Azerbaijan, to the south by Iran, to the southeast by Turkmenistan, and to the northeast by Kazakhstan. This area is rich in energy wealth as well as economic activities. Hence, it is considered as an area where the investigation of providing energy is very important.
The accuracy of numerical models mainly depends on the quality of the used wind data.
Therefore, using an appropriate wind field is essential for wave modeling and simulation [34] [35] [36] [37] . In this study, QuikSCAT wind field was used as input to develop the SWAN model. The NASA's QuikSCAT satellite, launched in 1999, can provide wind vector measurements over global oceans with considerable reliability and sufficient time frequency. The QuikSCAT wind product has the spatial and temporal resolutions of 25 km and 12 hours, respectively. Wind data measured by the satellite sensors are mapped based on ascending and descending passes, which are then combined to provide daily wind maps [38] . The period of data collection template was repeated every four days. The closest hours to the measured data by QuikSCAT were chosen as 2:00 and 14:00 in the Caspian Sea.
Based on the QuikSCAT manual [38] , the root mean square error (RMSE) is about 20 degrees in wind direction for wind speed ranging from 3-30 m/s and 2 m/s in wind speed for the range 3-20 m/s. At first glance, the uncertainties of QuikSCAT wind measurements seem to be large. However, it should be noted that usually wind speeds larger than 10 m/s contribute to wave growth and development. In addition, wave energy is assessed and averaged over periods of months or years. Therefore, the uncertainty in the average wave energy is much smaller than that of QuikSCAT wind measurements. In other words, the possible error due to the inaccurate wind measurements will be reduced when (long period) averaged wave energy are of interest. Moreover, the QuikSCAT satellite measures the wind speed on 10 m level above the sea surface. The data collected by QuikSCAT satellite in the Caspian Sea had some gaps. Hence, the average values of the closest adjacent nodes (spatial interpolation) were used to fill the gaps in the wind data. The wave data, including significant wave height and peak period were recorded hourly from May to June, 2003 with some gaps. In addition, the model bathymetry input was set based on the data from GEOphysical DAta System (GEODAS) (Figure 2 ).
Model description
In this research, SWAN model [31, 32, 39, 40, 41] , which is a third generation fully spectral wind wave model, was utilized for wave simulation. The SWAN model is based on action density spectrum N( σ ,θ) rather than energy density E( σ ,θ), as action density is conserved in the presence of currents whereas energy density is not. Action density is stated as follow [31] :
where θ is the wave propagation direction and σ is the relative radian frequency. The basic equation of SWAN model is spectral action balance equation for the Cartesian coordinates, defined as [32] :
where N represents the temporal change of action density, and C x N and C y N are the propagation of action in x and y-spaces, respectively. The C σ illustrates the shifting of the relative frequency due to variations in depth and currents. C θ demonstrates the depth-induced and current-induced refraction. In which, C is the propagation velocity of wave action in spectral ( σ , θ) and geographical (x, y) spaces. The term S, which is a function of σ, θ, x, y and t, shows the effects of generation, dissipation and also nonlinear wave-wave interactions [32] .
SWAN cycle III version 40.72AB [33] was used in 2-dimensional nonstationary mode in this study. Moeini and Etemad-Shahidi [42] showed that the formulation for wind input parameterization developed by Komen et al. [43] leads to a more accurate prediction of significant wave height. Hence, the theory of Komen et al. [43] was used for the exponential wind input growth in the simulation. The quadruplet nonlinear interactions with default values was activated in the computations. Therefore, dissipation due to bottom friction, depth-induced wave breaking and whitecapping were considered in the simulations.
A uniform, regular computational grid with 0.01° resolutions in x and y directions was specified for the SWAN model. The bathymetry had a resolution of 0.0166° × 0.0166° with 480×710 uniform cells in x and y directions, respectively. The number of uniformly distributed directions and frequencies of the spectral space were 18 and 20, respectively. In addition, the model time step was set as 10 minutes by trial and error.
Computation of wave energy
Different methods have been studied by Ertekin and Yingfan [44] for estimating the wave power. However, the most common method is wave power estimation using significant wave height and period [3] . The total wave energy density including potential and kinetic is [16] :
Where ρ is the sea water density (1025 kg/m), g is the gravity acceleration (9.81 m/s 2 ) and H s is the significant wave height (m). Irregular ocean waves can be modelled as a summation of numerous regular wave components. Therefore, the sea surface is composed of waves with different characteristics. In order to compute the wave energy resource, two wave spectral parameters (i.e. significant wave height and energy period) are used [45] . The wave power per unit width of the progressing waves in deep water is given as follow [23] :
In which J is the wave power of the crest length (kW/m) and T e is the energy period (s).
Energy period (T e ) is equal to peak period (T p ) multiplied by a factor, which is equal to 0.9 if the standard JONSWAP spectrum with a peak enhancement factor of γ=0.33 is assumed [23] .
Wave data obtained from the SWAN model were used to estimate the wave energy in the study area using this method. and 4, respectively. As seen, there is a good agreement between the measured and modeled data in these periods. Statistical similarity was checked for these intervals (Table 1 ).
Validation of the wave model
Although the model was calibrated using the measurements in May, it was observed that waves in June were accurately simulated. In addition, some error metrics for quantitative evaluation of the models' performance were used. These include Bias, correlation coefficient (R) and RMSE given as:
where i x denotes the measured data and i y represents the modeled data. x and y are the mean value of measured and modeled data, respectively and N shows the total number of data. The error indices for both calibration and verification periods are listed in Table 2 .
According to the Bias, the wave height and power calculated using SWAN estimates and buoy recorded data are nearly similar. The high values of correlation coefficient for wave parameters, which are about 0.9 for both calibration and verification periods, imply that the model performs well in simulation of wave parameters. In addition, considering the RMSE values, the SWAN model has the ability of wave simulation in the study area, so it can be used to simulate the wave condition in the whole computational grid.
Results and discussions
Wave energy estimation
After validating the wave model, simulated wave data were used to estimate the wave energy in the study area. For this purpose, the average wave power for the year 2003 was calculated from simulated time series of wave characteristics (i.e. significant wave height and peak period) using equation 4. The spatial distribution of annual wave power is indicated in Figure   5 showing the highest average wave power in the eastern part of the study area which is near to the central part of the Caspian Sea. This is mainly because of the long fetch length part of this area. It was found that the average wave power resource ranges from 0.5 to 1 kW/m in the western and eastern parts of the study area, respectively. The average wave intensity of the Caspian Sea is low compared to those of open oceanic locations. This is mainly because the Caspian Sea is an enclosed water basin. However, the vicinity of the selected area to the Anzali port, its appropriate water depth and distance from the coastline are the other points that need to be considered [14, 17, 46] . More research is required on the improvement of WEC efficiency, especially in low intensity wave energy environments.
Since the weather condition affects wave conditions such as wave height and energy, seasonal wave energy changes were also investigated. Figure 6 shows the average seasonal spatial distributions of wave power. It can be seen that the lowest powers exist in summer and autumn, whereas spring and winter seasons have higher wave powers. Moreover, waves are more energetic in winter in comparison with other seasons. The values of wave power in winter are about 2.5 times higher than those in summer. Besides, the overall comparison shows similar wave power patterns for both summer and autumn. In these seasons, average wave powers range from 0.2 to 0.8 kW/m in the whole study area. In addition, the seasonal and annual average wave energies show the same hot spots where more energetic waves occur in the eastern part of the study area in comparison to other parts.
Hot spots
After estimation of the wave power in the whole study area, locations with the highest wave power were determined ( Figure 7) . Table 3 reports the location of the selected sites, their annual wave power, and distance from the coastline and water depth. In order to select a suitable area for installation of the wave energy converter, the construction and operational costs should be considered as well as the wave resource availability [12] . Taking into consideration the important factors such as the proximity to the cities and other aforementioned factors, site M is suggested as the most appropriate area for the installation of a wave farm.
After determining the annual variations of wave power in the study area and selecting the most appropriate site for a wave farm (site M), the seasonal and monthly variations of wave power were also analyzed in this site ( Figure 8 ). As seen, the winter is the most energetic season and the mean wave power during this season is nearly two times of those of other seasons. Moreover, the monthly averaged wave power ranges from 0.45 to 2.3 kW/m and the highest energy exist in January and February. Furthermore, the wave directions in site M were investigated to find how wave directions vary during January and February. The wave roses of these two energetic months for site M are shown in Figure 9 . From this figure, the dominant wave directions are determined to be NE and NNE.
Characterization of the wave energy potential
The characterization of wave energy potential is of central importance for selecting the most appropriate wave energy converter (WEC). This is because of the fact that the WECs efficiency depends on the ranges of wave heights and periods. Therefore, the distributions of the significant wave height and peak period were considered in six and eight intervals, respectively. Table 4 shows the results of wave characteristics analysis with wave energy values expressed in kWh/m and also the percentage of the accessible total energy for each interval.
According to this table, the waves with heights less than 2 m and peak period between 4 and 7 s have the highest frequencies, but the bulk of energy is associated with higher waves with higher periods and lower probabilities of occurrence. Therefore, the selection of WECs should aim to maximum efficiency in the ranges less than 2 m in terms of significant wave height and between 4 and 7 s in terms of peak period. Noting that there are few cases of reasonable efficiency in this range, future development of WEC may be required for this wave amplitude range.
Babarit et al. [47] The dominant wave direction is an important factor in design of a wave energy converter.
Hence, annual wave energy direction was investigated and the combination of significant wave height intervals and mean wave directions of site M is depicted in Table 5 . Similar to figure 9 , the main directions with the highest probabilities of occurrence for the whole year are NE and NNE. Table 5 shows that the prevailing wave direction for selecting the appropriate WEC corresponds well to NE direction. Figure 10 shows the contribution of the different sea states to the total annual energy at site M. Sea states are classified into virtual squares which their colours representing the contribution of each bin to the total annual wave energy. Wave energy is centralized for peak periods between 4.5 s and 6.5 s and for significant wave height less than 1.5 m.
Summary and conclusions
This study represents an assessment of the wave energy along the south-western part of the Caspian Sea, near Anzali port, which is located in the north of Iran. This geographical area was selected as the Anzali port is the main port of Iran in the Caspian Sea. Access to new resources of energy is vital for the future development plan of this port. To achieve this, a popular numerical model, i.e., SWAN was used to simulate the wave characteristics. Due to the importance of wind field in SWAN model, QuikSCAT wind data were used as input parameter. One of the draw backs of the current study is the uncertainty of the model input data, especially the wind speed. For a wind speed of 10 m/s, the uncertainty of the wind speed is about 20%. This may lead to 50% inaccuracy in the estimated energy of singular events.
However, when averaged over periods of months or seasons, the level of uncertainty becomes much smaller and comparable to that of climate variability. In order to validate the model, the numerical data series of wave characteristics were compared with buoy recorded data.
Similar to previous wave modeling studies (e.g. [26] [27] [28] ), a relatively short period of data collection was used for the verification of SWAN. Although the model was calibrated using the data obtained in May, it was observed that larger waves in June were accurately modeled ( Figure 4 ). This implies that that the model is capable of simulating higher waves and can be used for modeling of wave characteristics in other seasons. The validated model was performed to simulate the time series of significant wave height and peak period for year 2003. Then, the time series of wave power were obtained from these parameters. The spatial distribution of annual and seasonal wave power were plotted for the study area. The results
showed that the wave power in the eastern part of the study area is up to 70% higher than that of the western part. Moreover, the mean annual wave power in the study area varies from 0.2 to 1.2 kW/m. Analysis of the seasonal variations showed that higher wave energy is mostly available in winter, followed by spring and the lowest wave energy occurs in summer and autumn.
Additionally, energy resource in the selected sites with the highest wave energy was analyzed. Taking into account the important factors such as water depth, distance from coastline as well as annual wave power amount, easternmost area was found to be the most appropriate site for wave energy extraction. Beside, the seasonal and monthly variations of wave power in this site were investigated. It was found that waves with the highest energy occur during winter, followed by spring. Also, January and February, i.e. winter months, are identified as the most energetic months in the study area. Wave directions in these two months show that the prevailing wave direction changes from NNE in January to NE in
February.
In addition, the wave energy resource was characterized in terms of significant wave heights and peak periods. It was found that the waves with significant wave height less than 2 m and peak period between 4 and 7 s have the highest frequency. However, most of the energy is provided by waves with a significant wave height less than 1.5 m and peak periods between 4.5 and 6.5 s. Therefore, these ranges of wave characteristics should be considered to select the WECs to supply maximum efficiency. Finally, quantitative comparison of the wave directions and frequencies showed that the prevailing wave directions with the highest frequencies are NE and NNE. Fig.1 . Computational area in the Caspian Sea and the location of Anzali buoy. Fig.2 . Bathymetric map of the study area. 
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